Although shrimp white spot syndrome virus (WSSV) is a large double-stranded DNA virus (ϳ300 kbp), it expresses many polycistronic mRNAs that are likely to use internal ribosome entry site (IRES) elements for translation. A polycistronic mRNA encodes the gene of the highly expressed nonstructural protein ICP35, and here we use a dual-luciferase assay to demonstrate that this protein is translated cap independently by an IRES element located in the 5= untranslated region of icp35. A deletion analysis of this region showed that IRES activity was due to stem-loops VII and VIII. A promoterless assay, a reverse transcription-PCR together with quantitative real-time PCR analysis, and a stable stem-loop insertion upstream of the Renilla luciferase open reading frame were used, respectively, to rule out the possibility that cryptic promoter activity, abnormal splicing, or read-through was contributing to the IRES activity. In addition, a Northern blot analysis was used to confirm that only a single bicistronic mRNA was expressed. The importance of ICP35 to viral replication was demonstrated in a double-stranded RNA (dsRNA) interference knockdown experiment in which the mortality of the icp35 dsRNA group was significantly reduced. Tunicamycin was used to show that the ␣ subunit of eukaryotic initiation factor 2 is required for icp35 IRES activity. We also found that the intercalating drug quinacrine significantly inhibited icp35 IRES activity in vitro and reduced the mortality rate and viral copy number in WSSV-challenged shrimp. Lastly, in Sf9 insect cells, we found that knockdown of the gene for the Spodoptera frugiperda 40S ribosomal protein RPS10 decreased icp35 IRES-regulated firefly luciferase activity but had no effect on cap-dependent translation.
I
n eukaryotes and eukaryotic viruses, the regulation of protein synthesis is either cap dependent or else uses a cap-independent translation mechanism, such as an internal ribosome entry site (IRES) (1) (2) (3) (4) . In cap-dependent translation, a 43S preinitiation complex attaches to the 5=-terminal m7GpppG cap in the target mRNA, whereas cap-independent translation mechanisms are able to initiate the translation of the downstream open reading frame (ORF) without any 5=-terminal m7GpppG cap. Some capindependent mechanisms, such as IRES, are able to directly recruit the translation machinery to the mRNA internal site, and IRES elements consist of RNA sequences that often show a high degree of secondary and/or tertiary structure. Although both cap-dependent regulation and cap-independent regulation are common translation mechanisms, cap independence, including the use of IRES elements, has been more widely studied in the eukaryotic viruses than in their eukaryotic hosts.
Previous studies have shown that in viruses such as the red clover necrotic mosaic virus, cap-independent translation mechanisms can be used to temporally and spatially regulate viral gene expression to ensure efficient virus replication and proliferation (5, 6) . To date, although IRES elements have been quite widely reported in RNA viruses, only a very limited number of IRES elements have been reported in a few DNA viruses, including Kaposi's sarcoma-associated herpesvirus (KSHV) (7) (8) (9) , Epstein-Barr virus (EBV) (10) , herpes simplex virus (HSV) (11) , murine gammaherpesvirus 68 (MHV-68) (12), Marek's disease virus (MDV) (13) , and simian vacuolating virus 40 (SV40) (14) .White spot syndrome virus (WSSV), a large (ϳ300-kbp), double-stranded DNA (dsDNA) virus in the family Nimaviradae that is the causative pathogen of a serious disease in shrimp (15, 16) , is another DNA virus that uses IRES translation, and the large number of WSSV polycistronic mRNAs suggests that IRES elements are widely used by this virus to regulate translation during infection (17) .
So far, however, only two IRES elements have been positively identified in WSSV: one is located upstream of wssv480 (vp28) (18) and the other extends across the coding regions of wssv396 (vp31) and wssv395 (vp39b) (17) . In the present study, we follow up on an earlier report (19) that a wssv019 riboprobe detected both a large 5.5-kb mRNA encoding wssv023, wssv019 (icp35), and other genes and a small 1.3-kb mRNA encoding only wssv019. This suggests that the expression of wssv019 might be regulated by a cap-independent mechanism, and here we show that there is indeed a functional IRES element in the 5= untranslated region (UTR) of this gene. wssv019 was originally thought to encode a structural protein, which was designated VP35 by Chen et al. (19) , but we show here that wssv019 in fact encodes an important (essential) nonstructural protein. From here on we therefore refer to this protein as ICP35 and, accordingly, change the name of the corresponding gene from wssv019 to icp35.
scale RNA production system T7 (Promega) according to the manufacturer's instructions. The resulting sense and antisense single-stranded RNAs (ssRNAs) generated from the two kinds of DNA template were mixed together equally, heated at 70°C for 10 min, and incubated at room temperature for at least 20 min to anneal the two complementary ssRNAs into doublestranded RNA (dsRNA). The DNA templates were removed by adding DNase I (Invitrogen), and phenol-chloroform extraction and ethanol precipitation were used to obtain the dsRNA products. The concentration of the dsRNA products was estimated using a NanoDrop (ND-1000) spectrophotometer.
dsRNAi-mediated assay. For the dsRNA interference (dsRNAi) experiment, experimental groups of 10 to 12 shrimp were injected with icp35 dsRNA or EGFP dsRNA at a concentration of 4 g (1 g/g of body weight) in 50 l of PBS or with 50 l of PBS only. Two days later, these groups were injected with 50 l of WSSV inoculum (a 50ϫ dilution of the virus stock), while another set of replicate groups was injected with 50 l of PBS as a negative control. At 0, 24, 48, and 96 hpi, pleopod samples were excised from 3 randomly selected shrimp in each group. One pleopod from each shrimp was subjected to reverse transcription-PCR (RT-PCR) to evaluate the gene expression level after dsRNAi-mediated gene knockdown, and a second pleopod was subjected to real-time PCR to quantify the WSSV load. Both of these procedures are described below. In addition, a second replicate of this entire experiment was performed. In this replicate, instead of taking samples from the shrimp, the mortality was observed and recorded in each group every 12 h.
RT-PCR analysis. Total RNA (1 g) isolated from the pleopod samples by the TRIzol reagent (Invitrogen) was pretreated with DNase I (Invitrogen) and then reverse transcribed by SuperScript III reverse transcriptase (Invitrogen). RT-PCR was performed with primer sets for icp35, ie1, and the gene for elongation factor 1 alpha (EF-1ɑ) (Table 1) using the  following profile: 94°C for 3 min, 35 cycles at 94°C for 30 s and 55°C for 30  s and 72°C for Absolute quantification of WSSV loads. An IQ REAL WSSV quantitative system (GeneReach Biotechnology Corp.) was used to absolutely quantify the WSSV loads in the dsRNA-mediated gene silencing experiments. Shrimp genomic DNA was isolated from the pleopod samples taken at 48 and 96 hpi using the silica-based resin supplied with the commercial kit and quantified according to the manufacturer's instructions using a TaqMan assay strategy. Reactions were performed on an ABI Prism 7300 sequence detection system. The WSSV load was calculated by the relative ratio of the copy number of WSSV genomic DNA to the copy number of shrimp genomic DNA. WSSV load data are presented as the mean Ϯ standard deviation (SD) for 3 shrimp from each group, and one-way analysis of variance (ANOVA) tests were used to check for a significant difference, which was considered a P value of Ͻ0.005.
Plasmid construction. Schematics for all of the plasmids used in this study can be found in Results. The backbone plasmid used for the dualluciferase assays was constructed as described previously (17) . Basically, the firefly luciferase (FL) from plasmid pGL3 (Promega) was inserted into the pRL-null plasmid (Promega) to give the dual-luciferase plasmid T7/ pRL-FL (7), but before transient DNA transfection in Spodoptera frugiperda Sf9 cells, the T7 promoter was replaced by the WSSV ie1 promoter (positions Ϫ94 to ϩ52) (23). This substitution was achieved by PCR amplification with the primers ie1-promoter-SacI-F and ie1-promoterNheI-R (Table 1) to clone the ie1 promoter into the SacI-NheI sites of T7/pRL-FL to produce the construct ie1/pRL-FL (17) . The putative IRES elements in the 5= UTR of icp35 and its antisense sequence (as a negative control) were PCR amplified using KODϩ Taq polymerase (Toyobo) with the primer sets listed in Table 1 to clone each respective element into the reporter construct ie1/pRL-FL to generate the corresponding plasmids. Two previously published WSSV IRES elements, vp39b-IRES (IRES from amino acids 123 to 919) and vp28-IRES, were also cloned into the reporter plasmid and used as controls for comparison. The primer sets are listed in Table 1 . The empty vector ie1/pRL-FL was used as a negative control.
For the promoterless assays, the ie1 promoters of ie1/pRLicp35(Ϫ291/Ϫ1)-FL and ie1/pRL-icp35(Ϫ198/Ϫ1)-FL were removed by digestion with SacI and NheI, followed by treatment with the Klenow fragment and religation to generate pRL-icp35(Ϫ291/Ϫ1)-FL(ϪP) and pRL-icp35(Ϫ198/Ϫ1)-FL(ϪP), respectively (where ϪP indicates the lack of the promoter sequence).
To rule out the possibility of ribosomal read-through, a 28-bp stable stem-loop structure with a free energy of Ϫ62 kcal/mol (5=-GCTAGCGG TACGGCAGTGCCGTACGACGAATTCGTCGTACGGCACTGCCGT ACCGCTAGC-3=) (7) was introduced upstream of the Renilla luciferase (RL) ORF using the NheI site, as described previously (17) , to generate plasmid ie1/SL-pRL-icp35(Ϫ198/Ϫ1)-FL.
RNA secondary structure prediction. The RNA secondary structure of the putative IRES element of icp35 from positions Ϫ468 to Ϫ1 [icp35(Ϫ468/Ϫ1)] was predicted by the use of RNA Folding Form software on the mfold web server (http://mfold.rna.albany.edu/?qϭmfold /RNA-Folding-Form2.3) (24) . The folding temperature was set to 27°C since the optimal temperature for WSSV infection is 27°C.
IRES activity assay for transfected Sf9 cells. For the IRES activity assays, Sf9 cells were seeded in 24-well plates (1.2 ϫ 10 5 cells/well) and grown in Sf-900 II medium (Invitrogen) supplemented with 10% fetal bovine serum (FBS; Gibco) overnight at 27°C. Plasmid DNAs (0.4 g of plasmid DNA per well) were transfected into the cells using Effectene transfection reagent (Qiagen) according to the manufacturer's recom- The ratio of firefly luciferase activity to Renilla luciferase activity was used as an index of IRES activity. Transfection assays were performed in triplicate with three independent experiments. Data are presented as the mean Ϯ SD from the three independent triplicate experiments.
To check whether abnormal splicing occurred during transfection, RT-PCR was performed with the primer set P1/P2 (Table 1 ) using the following profile: 94°C for 3 min, 32 or 40 cycles at 94°C for 30 s and 60°C for 30 s and at 72°C for 2 min, and a final extension at 72°C for 20 min. The PCR products were then cloned into the vector pGEM-T Easy (Promega) and sequenced. In addition, a quantitative real-time PCR was performed using a Kapa SYBR FAST universal kit (Kapa Biosystems) on an ABI Prism 7300 sequence detection system (Applied Biosystems) according to the manufacturer's instructions. The mRNA expression levels of the Renilla luciferase and firefly luciferase genes were detected with the primer sets Rluc-qPCR-F/Rluc-qPCR-R (Table 1) and Fluc-qPCR-F/Fluc-qPCR-R (Table 1) , respectively. The mRNA expression level of Sf9 EF-1␣ was used as an internal control (Table 1) .
For the tunicamycin experiments, Sf9 cells were transfected with the bicistronic plasmid ie1/pRL-icp35(Ϫ198/Ϫ1)-FL (1.0 g of plasmid DNA per well of a 24-well plate) using the SuperFect transfection reagent (Qiagen) according to the manufacturer's recommendations, and a 2.5-g/ml final concentration of tunicamycin (Sigma) or dimethyl sulfoxide (DMSO) as a control (100%) was added at 24 h posttransfection. After 15 h of treatment, cells were harvested. One replicate of the harvested cells was subjected to a dual-luciferase assay as described above. The other replicate was subjected to Western blotting to monitor the level of the phosphorylated proteins. For this assay, 2ϫ sample buffer was added to the cells and the mixture was boiled for 10 min. An aliquot (15 l) was separated on a 15% SDS-polyacrylamide gel and transferred onto the PVDF membrane as described above. The blots were then blocked with 5% bovine serum albumin (BSA) in TBST (0.01% Tween 20 in TBS buffer) for 1 h at room temperature and probed with commercial primary antibodies: the phosphorylated form of the ␣ subunit of eukaryotic initiation factor 2 (eIF-2␣; Ser51; Cell Signaling) or EIF2S1 (Abcam). The antibodies were diluted 1:1,000 in 2.5% nonfat milk in TBST and applied for 16 h at 4°C. This step was followed by washing three times for 10 min each time at room temperature with TBST. The blots were then probed with anti-rabbit or anti-mouse IgG secondary antibody (Santa Cruz Biotechnology) diluted 1:10,000 in 2.5% BSA in TBST for 1 h at room temperature and washed three times for 10 min each time at room temperature with TBST. Western Lightning Plus-ECL reagents were used for visualization as described above.
For the quinacrine (QC) experiment, Sf9 cells were first transfected with the bicistronic plasmid ie1/pRL-icp35(Ϫ198/Ϫ1)-FL (0.4 g of plasmid DNA per well of a 24-well plate) using the Effectene transfection reagent (Qiagen) according to the manufacturer's recommendations, and then quinacrine dihydrochloride (Sigma-Aldrich) dissolved to a 10 mM stock solution in double-distilled H 2 O and filtered through a 0.22-mpore-size filter was added directly to the well at a final concentration of 25 M or 30 M. Renilla and firefly luciferase activities were measured after 48 h of treatment. Transfection assays were performed in triplicate with three independent experiments. Data are presented as the mean Ϯ SD from the three independent triplicate experiments.
For the dsRNAi experiment, Sf9 cells were cotransfected with the bicistronic plasmid ie1/pRL-icp35(Ϫ198/Ϫ1)-FL (0.3 g of plasmid DNA per well of a 24-well plate) and RPS10 or RPS19 dsRNA (0.1 g) using the Effectene transfection reagent (Qiagen) according to the manufacturer's recommendations. At 72 h posttransfection, cells were harvested and the dual-luciferase activities were measured as described above.
Generation of an IRES-based recombinant virus. To generate an icp35 IRES-based bicistronic baculovirus transfer vector, the icp35(Ϫ198/ Ϫ1) fragment was amplified with the primer set icp35(Ϫ198)-BamHI/ icp35(Ϫ1)-XhoI (Table 1) and cloned into the pBacPAK9 transfer vector (Clonetech) using the BamHI and XhoI sites. Sf9 cells were cotransfected with the IRES-based transfer vector and Bsu36I-digested BacPAK6 viral DNA to produce an Autographa californica multiple nucleopolyhedrovirus (AcMNPV)-RL/icp35 IRES/FL recombinant virus according to the manufacturer's instructions (Clonetech).
Sf9 cells were infected by the AcMNPV-RL/icp35 IRES/FL recombinant virus, and at 48 h postinfection, the luciferase activities were measured. The infection assays were performed in triplicate. Data are presented as the mean Ϯ SD from the three independent experiments.
Northern blot analysis. Sf9 cells were infected by AcMNPV-RL/icp35 IRES/FL recombinant viruses for 4 to 5 days. The cells were then harvested, and TRIzol reagent (Invitrogen) was used to extract total RNA. The total RNA (30 g) was electrophoresed on a 1% formaldehyde gel, transferred to a positively charged membrane (Roche Applied Science), and detected by digoxigenin (DIG)-labeled RNA probes for firefly luciferase as described below. For a negative control, the same protocols were applied to uninfected Sf9 cells.
The DIG-labeled RNA probe was created as described previously (17) . Briefly, a partial fragment of firefly luciferase was amplified with the primer set FL-F/FL-R (Table 1) , ligated with a T7 adaptor ( Table 1) using T4 ligase (Promega), and then subjected to PCR amplification with primer set FL-F/T7 adaptor primer 1. The resulting DNA template (200 ng) was then reacted in vitro at 37°C for 2 h with 5ϫ DIG-RNA labeling mix (Roche Applied Science) and T7 RNA polymerase (Promega). The reaction mixture was then treated with DNase I (RNase free; Invitrogen) to remove the DNA template and leave only the DIG-labeled RNA probe. For hybridization with the target RNA, the DIG-labeled RNA probes were denatured by heating at 95°C for 5 min and cooling on ice for 1 min, and they were then mixed with preheated (68°C) DIG Easy Hyb buffer (Roche Applied Science). Hybridization then proceeded for 16 h at 68°C (DIG system user's guide from Roche Applied Science). After hybridization, the membrane was incubated with an anti-digoxigenin-alkaline phosphatase Fab fragment (1:20,000 dilution; Roche Applied Science), detected with CDP-Star chemiluminescent substrate (ready to use; Roche Applied Science), and overexposed to X-ray film at room temperature overnight.
In vivo QC assay and WSSV challenge experiment. To determine the optimal QC dosage for the challenge experiment, four groups of shrimp (20 shrimp per group) were injected with different doses (0.5 g/g, 2.5 g/g, or 5 g/g of body weight) of QC (a 10-mg/ml stock solution in PBS) or with PBS (negative control). The mortality of each group was observed and recorded every 12 h. All but one of the shrimp (in the 0.5-g/g group) survived for 2 weeks, and the highest dosage of 5 g/g was therefore used in the following WSSV challenge experiment.
For the WSSV challenge experiment, groups of shrimp (14 shrimp per group) were injected either with WSSV (50 l of a 100ϫ dilution of the virus stock) or with PBS as a negative control. These first injections were then immediately followed by a second injection of 50 l of either QC (5 g/g) or PBS. Pleopods were excised from 3 randomly selected shrimp from each group at 0, 1, 2, 6, and 9 days postinjection (dpi) and tested for WSSV infection as described below. A second replicate of this entire experiment was performed at the same time. No pleopods were collected from the shrimp in the second replicate. Instead, mortality was observed and recorded every 12 h.
Determination of WSSV infection status. A commercial WSSV diagnostic kit (IQ2000 WSSV detection and prevention system; GeneReach Biotechnology Corp.) was used to determine WSSV infection levels. Briefly, genomic DNA extracted from the shrimp pleopod samples was isolated using a dodecyltrimethylammonium bromide-cetyltrimethylammonium bromide extraction procedure according to the manufacturer's instructions. Next, competitive nested PCR analysis was performed using the extracted DNA samples. The PCR products were analyzed by electrophoresis with a 2% agarose gel. WSSV infection levels were determined according to the pattern of bands indicated in the kit's instructions.
RESULTS

WSSV ICP35 is a highly expressed nonstructural protein.
wssv019 was originally thought to encode a structural protein (19) , and to confirm this, Western blot analysis of purified WSSV virions was performed using anti-WSSV019 antibody. Anti-VP28 (envelope protein) and anti-VP51C (nucleocapsid protein) antibodies were used as positive controls. However, since no signal was detected from purified WSSV virions by the anti-WSSV019 antibody (Fig. 1A) , we concluded that wssv019 does not in fact encode a structural protein. From now on, we therefore refer to this protein not as VP35 (19) but instead by the new name of ICP35.
A time course study of ICP35 protein levels in shrimp pleopod was performed using Western blot analysis. Figure 1B shows that ICP35 was expressed from 24 to 72 hpi and reached the highest level at 60 hpi.
dsRNA silencing of icp35 reduces WSSV replication in shrimp. dsRNAi technology is widely used in shrimp to systemically suppress expression of a target gene (25) (26) (27) (28) , and here, to investigate the importance of ICP35 to WSSV pathogenesis, we used this technology to knock down the expression of icp35 during WSSV infection.
First, RT-PCR analysis was used to confirm the knockdown efficiency of icp35 dsRNA at 24, 48, and 96 hpi in WSSV-challenged shrimp ( Fig. 2A) , while expression of the immediate early gene ie1 was used to confirm WSSV infection. In the icp35-treated dsRNA group, there was no icp35 or ie1 signal detected in two out of three shrimp at 48 hpi. The expression of icp35 and ie1 in the third shrimp was probably due to a combination of incomplete silencing and individual differences. At 96 hpi, in the same group, none of the three sampled shrimp produced an icp35 or ie1 signal. The expression of the housekeeping gene EF-1␣ was not affected by icp35 or EGFP dsRNA treatment at 24, 48, or 96 hpi (Fig. 2A) .
Similar results were found in the mortality study (Fig. 2B) . After WSSV challenge, mortality in the EGFP dsRNA and PBS control groups very soon reached 100%. In contrast, in the icp35 dsRNA group, two-thirds of the challenged shrimp survived through to the end of the experiment.
Real-time PCR analysis by the IQ REAL WSSV quantitative system (GeneReach Biotechnology Corp.) showed that the WSSV loads of the icp35 and EGFP dsRNA-treated groups were significantly lower than those of the PBS group (P Ͻ 0.005) at 48 hpi (Fig. 2D) . However, at 96 hpi, WSSV loads remained low only in the icp35 group, while the virus copy number increased markedly in the other groups. Although the very large variation in virus loads in the EGFP and PBS groups (SDs ϭ 5,865.49 and 37,174.89, respectively) means that this difference did not reach statistical significance, with P being Ͻ0.05, taken together, these results consistently suggest that ICP35 is important for WSSV replication.
The 5= UTR of icp35 mRNA mediates internal initiation of translation. To determine if an IRES element was located upstream of icp35, a 468-bp region (positions Ϫ468 to Ϫ1) between multiple TTTTTCTCC repeats and the icp35 translational start codon (position ϩ1) was cloned into the bicistronic vector ie1/ pRL-FL with the WSSV ie1(Ϫ94/ϩ52) promoter (Fig. 3A) . The plasmid was transfected into Sf9 cells, and Renilla luciferase (RL) and firefly luciferase (FL) activities were measured 48 h after transfection. In this study, the first cistron (i.e., Renilla) is translated by a cap-dependent translation mechanism, whereas translation of the second cistron (i.e., firefly luciferase) would suggest that the intercistronic region contains an IRES element. The previously reported IRES elements associated with VP39B and VP28 were used for comparison, while the empty ie1/pRL-FL bicistronic vector was used as a negative control. Our results suggest that the 5= UTR of icp35 contains an active IRES element (Fig. 3B) . Furthermore, the IRES activity of icp35 appears to be considerably higher than that of the two previously reported WSSV IRES elements in vp39b and vp28.
Our next step was to more precisely locate the active IRES element within the icp35 5= UTR. Based on the predicted RNA secondary structure of the putative IRES region of the 5= UTR of icp35(Ϫ468/Ϫ1) (Fig. 4A) , we selected various internal sequences containing one or more stem-loops for insertion into the ie1/ pRL-FL bicistronic vector (Fig. 4B) and performed the same dualluciferase assay described above. As shown in Fig. 4C , the shortest IRES fragment that still had a high ratio of FL to RL activity was from positions Ϫ198 to Ϫ1. This fragment contained the stemloops VII, VIII, and IX. (The actual ratio of cap-independent to cap-dependent activity for this fragment was 1.32 Ϯ 0.20, but this was adjusted to 100% in Fig. 4C for purposes of comparison.) Using the same strategy, further refinement of the icp35(Ϫ198/ Ϫ1) sequence showed that the fragment from positions Ϫ171 to Ϫ38 (Fig. 4D) , which contained stem-loops VII and VIII (albeit somewhat modified; mfold predicted a slightly smaller stem-loop VII and a slightly larger stem-loop VIII), was the smallest that still had a high FL/RL ratio (Fig. 4E) . It further appears that the presence of both of these stem-loops is required for IRES activity because neither icp35(Ϫ128/Ϫ1) (stem-loops VIII and IX) nor icp35(Ϫ198/Ϫ112) (stem-loop VII) was sufficient to produce a high FL/RL ratio on its own (Fig. 4C) . We therefore conclude that icp35 IRES activity is supported by stem-loops VII and VIII working together. These results are consistent with the structure predicted by mfold, but further studies will be needed to validate this hypothesis.
The icp35 IRES element does not contain a cryptic promoter or splice sites. To exclude the possibility that stem-loops VII and VIII are harboring a cryptic promoter that is driving the expression of FL, a promoterless assay was done using a bicistronic plasmid with the WSSV ie1 promoter removed (Fig. 5A) . Figure 5B shows that while there was still some FL activity induced by the fragment from positions Ϫ291 to Ϫ1, only negligible FL activity was induced by the shorter fragment (positions Ϫ198 to Ϫ1). This weight, 4 g) were injected with icp35 dsRNA, EGFP dsRNA (1 g/g of body weight), or PBS. Two days after dsRNA or PBS treatment, the shrimp were challenged by injection with diluted WSSV stock or PBS. Each experimental group contained 10 to 12 shrimp. (A) Three shrimp from each experimental group were sampled at each time point, and the expression levels of icp35 and ie1 in pleopod at 24 and 48 hpi and in stomach at 96 hpi were monitored by RT-PCR analysis. The EF-1␣ gene was used as an internal control. Lanes M, molecular mass markers; lanes N, negative control (no cDNA). (B) Cumulative mortalities were observed and recorded every 12 h. The experimental protocols and number of experimental shrimp were as described for panel A. *, P Ͻ 0.05 by ANOVA; ***, P Ͻ 0.0005 by ANOVA. (C) Cumulative mortality data for the mock-infected PBS controls are shown separately for clarity. (D) Time course study of WSSV loads after dsRNA silencing. Using pleopods from the same experimental shrimp described for panel A, WSSV copy number and shrimp genomic DNA were measured using an IQ REAL WSSV quantitative system (GeneReach Biotechnology Corp.). **, P Ͻ 0.005 by ANOVA. activity was very low and only a tiny fraction of the FL activity that was seen with the ie1 promoter (63.8 Ϯ 7.1 versus 1,407.6 Ϯ 187.2). Since the shorter fragment contains the entire IRES element (i.e., stem-loops VII and VIII) plus stem-loop IX, we conclude that this region has only very minor or negligible promoter activity.
An alternative explanation for the observed FL activity of ie1/ pRL-icp35(Ϫ198/Ϫ1)-FL(ϩP) (Fig. 6A) is that it might be due to an abnormal splicing event. To rule out the possibility that icp35(Ϫ198/Ϫ1) may contain splice sites, RT-PCR analysis was performed to verify the integrity of the bicistronic transcript in Sf9 cells. Only a single transcript of the expected size (1,278 bp) was produced in 32 cycles (Fig. 6B) . To rule out the possibility that weak minor bands were not being detected, the same cDNA samples were also subjected to 40 cycles of amplification. As shown in the oversaturated right-hand panel of Fig. 6B , in addition to the single main transcript, only the same two nonspecific minor bands of 250 bp and 220 bp were detected in both the untransfected and transfected cDNA samples. Both pairs of bands were separately cloned and sequenced. Bands of the same size were found to have the same sequence, and a BLAST search showed that neither sequence matched any other known sequence. After confirming the actual size and sequence of the major 1,278-bp RT-PCR product, we concluded that no abnormal splicing occurred during transient transfection by the bicistronic plasmid. Taken together, we conclude that the FL activity was indeed driven by the bicistronic transcript of ie1/pRL-icp35(Ϫ198/Ϫ1)-FL through IRES-mediated regulation.
These conclusions were further supported by using quantitative real-time PCR to accurately determine the expression levels of the genes for RL and FL. As shown in Fig. 6C , the ratio of firefly luciferase to Renilla luciferase produced by the ie1/pRLicp35(Ϫ198/Ϫ1)-FL plasmid was only 80% of that produced by ie1/pRL-FL. Student's t test found no significant difference between these two ratios, and this result therefore confirms that during transfection by the ie1/pRL-icp35(Ϫ198/Ϫ1)-FL plasmid, no cryptic promoter was acting to increase the mRNA level of FL and no abnormal splicing event was occurring to reduce the mRNA level of RL.
The integrity of the bicistronic mRNA was also confirmed by Northern blotting with a DIG-labeled RNA probe for firefly luciferase (Fig. 7) . As shown in Fig. 7A , only an ϳ3.2-kb RNA transcript of the expected size was detected. No smaller fragments were observed, and no monocistronic firefly luciferase mRNA was observed. Figure 7C further shows that the ratio of cap-independent to cap-dependent activity was 0.71 Ϯ 0.14. We therefore conclude that the firefly luciferase was translated exclusively from the bicistronic mRNA produced by the AcMNPV-RL/icp35 IRES/FL construct.
Ribosomal read-through is not responsible for icp35 IRES activity. To rule out the possibility that the FL activity was caused by read-through of the RL termination codon, a stable stem-loop was inserted upstream of the RL ORF (Fig. 8A) . The inserted stemloop significantly reduced the RL activity of the ie1/SL-pRLicp35(Ϫ198/Ϫ1)-FL plasmid, while the FL activity was not affected (Fig. 8B) . We conclude that the observed FL activity was not produced by a ribosomal read-through mechanism.
Initiation of translation on the icp35 IRES is eIF-2 dependent. To determine whether eIF-2 is required for icp35 IRES-mediated translation, we shut down the translational machinery by inducing phosphorylation of eIF-2␣ with the endoplasmic reticulum (ER) stress chemical reagent tunicamycin (29, 30) . We found that the ER stress induced by tunicamycin inhibited both cap-dependent and icp35 IRES-dependent translation (Fig. 9) . These data indicate that active eIF-2␣ is necessary for icp35 IRES activity, and we therefore conclude that initiation of translation on the icp35 IRES is eIF-2 dependent.
QC reduces icp35 IRES activity and has an anti-WSSV effect. QC is an intercalating drug that inhibits DNA replication and RNA transcription. Nucleic acid-intercalating drugs were shown to inhibit IRES-mediated translation more than cap-dependent translation at low concentrations (10 to 20 M) (31). It was subsequently shown that QC inhibited the IRES activities of encephalomyocarditis virus (EMCV), hepatitis C virus (HCV), and poliovirus in a dose-dependent manner by interacting with the highly complex secondary structures of their IRES regions (32) . The same study also found that the cellular p53 IRES, which has a much less complex secondary structure, is not sensitive to QC (32) . Since the IRES region of icp35 is predicted to be complex (Fig. 4A) , we would expect that transient transfection with the bicistronic plasmid containing the icp35 IRES element (Fig. 10A) would show reduced FL reporter activity in the presence of QC. As Fig. 9B shows, QC had no significant effect on the RL activity Various fragments with 5=-and 3=-end deletions in the 5= UTR of icp35 were subcloned into the intercistronic region between the Renilla luciferase and firefly luciferase. (C) Sf9 cells were transiently transfected with the bicistronic plasmids, and at 48 h posttransfection, Renilla and firefly luciferase activities were measured. The ratios of firefly luciferase to Renilla luciferase for each bicistronic plasmid are shown, and the highest IRES activity [icp35(Ϫ198/Ϫ1)] was set to 100%. The actual ratio was 1.32 Ϯ 0.20. Three independent transfection assays were performed, and the mean Ϯ SD was calculated. *, P Ͻ 0.05 by ANOVA; ****, P Ͻ 0.00005 by ANOVA. (D and E) Schematics analogous to the schematics and results in panels B and C, respectively, except that the deletion fragments were derived from icp35(Ϫ198/ 1Ϫ) instead of the entire icp35 5= UTR.
value, but at 25 M and 30 M, it significantly reduced the FL activity value and also the FL/RL ratio.
Having shown that QC suppressed icp35 IRES activity in vitro, we next investigated the effect of this drug on WSSV-challenged shrimp in vivo. Figure 10C shows that after challenge with an inoculum of WSSV, the immediate injection of QC at 5 g/g significantly reduced the mortality rate. Mortality in the positivecontrol group exceeded 50% at 6 dpi, while over 70% of the WSSV-infected group treated with QC was still alive at 9 dpi (and, in fact, continued to survive for more than 2 weeks; data not shown). Nested competitive PCR analysis detected a high virus load (heavy infection) in all but one of the shrimp that died (Fig.  10D) . In the replicate groups that were used for sampling by 6 dpi, there was also a heavy infection in two out of three of the surviving shrimp in the WSSV-infected group treated with PBS ( Fig. 10E) . At 9 dpi in the WSSV-infected group treated with PBS, there was only one surviving shrimp, and this shrimp also had a heavy WSSV infection (Fig. 10E) . In contrast, the surviving shrimp in the WSSV-infected group treated with QC tested negative or had only a light infection throughout the period of the experiment (Fig. 10E) .
RPS10 gene knockdown selectively inhibits icp35 IRES activity. Knockdown of certain ribosomal proteins can have a differential effect on cap-dependent versus IRES-mediated translation. We selected the Spodoptera frugiperda RPS10 and RPS19 genes for this experiment on the basis of our unpublished proteomics data and a literature review for other viral IRES elements (33) (34) (35) . After first using RT-PCR analysis to confirm the knockdown efficiency of RPS10 and RPS19 dsRNA at 72 hpi (Fig. 11A) , the results showed that RPS10 gene knockdown significantly decreased icp35 IRES-mediated FL activity to ϳ40% compared to that for the EGFP dsRNA control, while the cap-dependent RL activity was not affected (Fig. 11B ). RPS19 gene knockdown had no effect on cap-dependent translation or on IRES-mediated translation (Fig.  11B) . These data indicate that RPS10 is required for icp35 IRES activity.
DISCUSSION
Results from a previous study that used DNA microarrays and expressed sequence tags (ESTs) showed that icp35 (wssv019) was one of the most highly expressed WSSV genes (36), and our Western blot time course analysis now shows that the expression of ICP35 was greater than that of the major envelope protein VP28 in WSSV-infected pleopod tissue (Fig. 1B) . The importance of this highly expressed nonstructural protein was also suggested by a 4.8-kb genomic deletion in a mutant strain of the WSSV China isolate (WSSV-CN; GenBank accession no. AF332093). The deletion of 5 ORFs, including icp35, significantly reduced the virulence of this mutant relative to that of the full-length virus in WSSVinfected crayfish (37) . However, another study (38) found that a WSSV Thailand isolate (WSSV-TH; GenBank accession no. AF369029) with a 13-kb deletion containing icp35 had a higher and icp35(Ϫ198/Ϫ1) fragments with the WSSV ie1 promoter (ϩP) or without the WSSV ie1 promoter (ϪP). (B) Plasmids were transfected into Sf9 cells, and 48 h later, FL and RL activities were measured. FL and RL activity data for the control plasmid icp35(Ϫ291/Ϫ1)(ϩP) were set to 100%. Three independent transfection assays were performed, and the mean Ϯ SD was calculated (****, P Ͻ 0.00005 by Student's t test).
virulence than the TH-96-II isolate, which has the largest reported WSSV genome (312 kb). The reason for this discrepancy is not known, but the dsRNA-mediated gene silencing experiment in the present study (Fig. 2) provides more evidence that ICP35 is in fact important during WSSV infection. Our results (including cumulative mortalities, results of RT-PCR analysis, and quantification of WSSV loads) showed that knocking down the expression of icp35 significantly reduced the WSSV copy number and the mortality rate in shrimp. Since icp35 is expressed from 2 hpi (19), we conclude that ICP35 might play an important role in WSSV replication during the early stage of infection.
Although our data suggest that ICP35 is an important viral protein, its functional role is still unclear. Sequence analysis and prediction (with the PROSITE, ESLpred, and Motif Scan program) showed that ICP35 has two potential nuclear localization signals ( 24 KRKR 27 and 53 KRPR 56 ) and a glutamic acid-rich region (amino acids 28 to 97) (19) . The same study further demonstrated that ICP35 is a nuclear protein and that 24 KRKR 27 is the functional nuclear localization signal. Highly acidic domains are often found within the transactivation domain of various transcription factors, and they are important for interacting with RNA polymerase II (39) (40) (41) (42) (43) . The acidic domain-rich region of ICP35 might therefore be a transactivation domain. Although ICP35 does not have a predicted DNA-binding domain, there are other examples of transactivators that do not bind to DNA directly. Hepatitis B virus (HBV) X protein (HBx), for example, can interact with various transcription factors (including ATF-2, AP-2, CREB, HNF1, nuclear factor-B ([NF-B], and DDB1) and modify their activities to stimulate transcription (44) (45) (46) (47) (48) (49) (50) . Further studies showed that HBx was thereby able to enhance the gene expression of HBV and viral DNA replication (51) . We hypothesize that ICP35 may likewise function as a transactivator without a DNA-binding domain and that it is involved in the efficient replication of WSSV. Further research will be needed to explore this possibility.
Here, in the deletion assay, we found that the translational efficiency of the icp35 IRES fragment (positions Ϫ198 to Ϫ1) containing stem-loops VII, VIII, and IX was somewhat higher than the cap-dependent translational efficiency, as shown by an FL/RL ratio of 1.32 Ϯ 0.20 ( Fig. 4C ; for ease of comparison, this ratio is set to 100% in Fig. 4C ). Taken together, these data suggest that the icp35 IRES might potentially be very useful for developing bicistronic or multicistronic gene expression vectors.
There are two main steps for translation initiation control. One is the acquisition of GTP and Met-tRNAi by the eIF-2 ternary complex (52) , and the other is the formation of the cap-binding initiation complex eIF-4F, which is composed of eIF-4A, eIF-4E, and eIF-4G (53) . Many RNA viruses that lack a 5= cap structure target these two complexes to decrease the efficiency of cap-de- Fold changes are shown with respect to the corresponding control levels for ie1/pRL-icp35(Ϫ198/Ϫ1)-FL, which were set to 100%. Three independent transfection assays were performed, and the mean Ϯ SD was calculated. ***, P Ͻ 0.0005 by Student's t test. pendent translation and cause host shutoff. This diverts the host translation machinery toward cap-independent translation and thus facilitates viral replication (54) (55) (56) . For example, some enteroviruses cleave eIF-4G (57), while EMCV activates the translational repressor 4EBP1 to sequester eIF-4E (58) . Virus infections can also induce phosphorylation of eIF-2␣, but since eIF-2 is usually needed to initiate both cap-dependent translation and most IRES-mediated translation, some RNA viruses and DNA viruses have evolved alternative strategies that prevent or reverse eIF-2␣ phosphorylation by inhibiting eIF-2␣ kinases or activating eIF-2␣ phosphatases, respectively (56) . Other RNA viruses skip the requirement of eIF-2 altogether (56). For instance, the IGR IRES elements of the Dicistroviridae can recruit ribosomes without any eIFs (59) , while the HCV IRES uses eIF-2A to replace eIF-2␣ under stressful conditions (60) . Even so, for most IRES elements, the associated eIFs or IRES trans-activating factors (ITAFs) remain unknown, and the role of these factors in IRES-mediated translation has become an important and active research topic.
In contrast to the RNA viruses, many DNA viruses use capdependent translation and stimulate eIF-4F activity for efficient replication (56) . Presently, we know very little about the mechanisms used by the few known examples of IRES-mediated translation that are found in a few DNA viruses. Nevertheless, for the DNA viruses, too, IRES-dependent translation is necessary for the efficient expression of some viral proteins and for survival of the virus under unfavorable conditions, such as the host-induced antiviral response or virus-induced host translation shutoff (13, 35, 61) . IRES-mediated translation is also likely to be critically important for WSSV, especially since this virus produces so many polycistronic mRNAs (17, 19, 62) . Previous studies have already identified two WSSV IRES elements from the virus's polycistronic mRNAs (17, 18) , and here we report a new IRES element located in the 5= UTR of icp35 that regulates its translation. The icp35 IRES element was also located within a large (5.5-kb) polycistronic mRNA transcribed from a gene cluster in the WSSV DNA genome. The results of our dsRNA-mediated gene silencing experiment (Fig. 2) suggest that the highly expressed nonstructural ICP35 protein is important for WSSV replication. By following the methods of Kim et al. (60) , who used tunicamycin to show that some viral IRES elements in EMCV and poliovirus require active eIF-2␣, we also found that active eIF-2␣ is necessary for WSSV icp35 IRES activity (Fig. 9) . However, it is not yet known how WSSV is able to counteract the host innate immune response that globally inhibits protein synthesis by phosphorylating eIF-2␣ in virus-infected cells.
Quinacrine (QC), a well-known intercalating agent, can inter- calate into double-stranded DNA and highly structured RNA, and at appropriate concentrations, it inhibits DNA replication, RNA transcription, and protein synthesis (63) (64) (65) (66) (67) . QC was originally developed as an antimalarial and antigiardiasis treatment (68, 69) , but it is now thought to have many other potential uses. Recently, QC was shown to induce an anticancer effect by simultaneously suppressing NF-B and activating p53 signaling (70) (71) (72) , and it also acts against prions by inhibiting the formation of PrP Sc (73, 74) . QC also inhibits RNA recruitment and replication of the RNA genome of the Tomato bushy stunt virus (TBSV; a positive-sense RNA virus) in plants and in protoplasts (75) .
We have now shown that QC significantly suppresses icp35 IRES activity (FL activity and FL/RL ratio) in Sf9 cells (P Ͻ 0.05 and P Ͻ 0.005) but has no effect on cap-dependent translation (RL) (Fig. 10B) . QC is presumably able to do this by virtue of its high affinity of binding to relatively complex secondary and/or tertiary structures (32) . Unlike most other DNA viruses, WSSV has many gene clusters, and since these are all likely to use IRES elements to regulate translation, the same mechanism would also inhibit the translation of other important WSSV proteins encoded by these clusters. This in turn would explain how the injection of WSSV and QC results in a significant decrease in shrimp mortality (Fig. 10C) . At high concentrations (over 700 M), QC is able to inhibit replication of HBV DNA in vitro (76) , and as noted above, QC (1,600 M) also inhibits replication of TBSV's RNA genome in vivo (75) . However, the occurrence of four lightly infected . Luciferase activities were measured at 48 h posttransfection. The figure shows changes relative to the corresponding untreated mock controls (0 M), the value for which was set to 100%. Three independent transfection assays were performed, and the mean Ϯ SD was calculated. *, P Ͻ 0.05 by ANOVA; **, P Ͻ 0.005 by ANOVA. (C) Shrimp (L. vannamei; mean weight, 4 g; 14 shrimp per group) were first injected with 50 l WSSV inoculum or PBS and then immediately injected with QC (5 g/g) or PBS. The cumulative mortality of each group was recorded every 12 h, with dead shrimp being removed from the tank as soon as possible. Data were analyzed using a Kaplan-Meier log-rank 2 test (GraphPad). Asterisks indicate significant cumulative differences between groups (*, P Ͻ 0.05; ***, P Ͻ 0.0005). (D) The swimming legs from some of the dead shrimp in the WSSV-challenged groups were tested with an IQ2000 kit to determine the WSSV infection level. The hpi above each lane indicates the time of collection. Bands of 296, 550, and 910 bp represent WSSV genes, and the band of 848 bp represents shrimp genomic DNA. Samples for the marker bands (lanes M) of 333, 666, and 840 bp and the positive infection controls (20, 200 , and 2,000 copies/reaction; right) were provided by the kit. The positive infection controls represent light (ϩ), moderate (ϩϩ), and heavy (ϩϩϩ) infections. Lane N, negative control. (E) Two other replicate groups (shrimp infected with WSSV and treated with PBS [WSSV ϩ PBS] and shrimp infected with WSSV and treated with QC [WSSV ϩ QC]) were used to collect live shrimp samples at 1, 2, 6, and 9 dpi. WSSV infection levels were determined using the IQ2000 kit, as described above.
shrimp in the WSSV-infected group treated with QC at day 6 and 9 ( Fig. 9E) shows that the WSSV genome is still sometimes being replicated in the presence of QC (at a concentration of 28 to 62 M in shrimp hemolymph). The evidence therefore suggests that QC's anti-WSSV effect is not due to intercalation with and disruption of WSSV dsDNA. Instead, we propose that QC's anti-WSSV effect is chiefly mediated by inhibiting the IRES-driven translation of important (mainly structural) proteins that are essential for WSSV virion assembly. These results further suggest that QC or other intercalating agents which can interact with WSSV IRES elements might potentially be developed into effective anti-WSSV drugs.
The IRES RNA structure is thought to initially interact with the small, 40S subunit of the ribosome (77) , and silencing of the genes for the 40S ribosomal proteins RPS6 and RPS25 in HCV and Dicistroviridae has been shown to specifically block the translation of IRES elements while having no effect on cap-dependent translation (25, (78) (79) (80) (81) . Here, although we were unable to achieve efficient silencing of the genes for RPS6 or RPS25 (data not shown), we found that knockdown of the gene for RPS10 had a similar effect on WSSV icp35 IRES activity (Fig. 11) . This suggests that RPS10 interacts with icp35 IRES RNA. In addition to providing more evidence that icp35 translation is mediated by an IRES element, this result also provides more insight into how at least one WSSV IRES hijacks the host protein machinery, as well as suggests possible further strategies for developing novel anti-WSSV therapies.
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